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Abstract 
In this paper we have studied the non-isothermal and isothermal crystallization kinetics 
of xLi2O-(1-x)Bi2O3  ? ? ? ? ? A? ǆ A?  ? ? ? ? ? ŐůĂƐƐĞƐ ƵƐŝŶŐ ĚŝĨĨĞƌĞŶƚŝĂů ƐĐĂŶŶŝŶŐ ĐĂůŽƌŝŵĞƚƌǇ ?Both the 
energies of glass transition and crystallization are estimated using the Ozawa and Kissinger 
methods for non-isothermal crystallization. The modified Johnson-Mehl-Avrami (JMA) equation 
is used to estimate the nature of nucleation and crystal growth during the non-isothermal 
crystallization. The nature of nucleation and crystal growth is also determined by the Sestak-
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describes the diffusion controlled growth of crystallites for isothermal crystallization. Nature of 
crystal growth is identified by scanning electron micrographs both non-isothermally and 
isothermally. In-situ low frequency Raman spectra are analyzed to determine the degree of  
amorphous naturebelow onset of crystallization temperature for the glasses. Transition from 
local ordering to high range ordering of Bi-O octahedral units after crystallization is also 
identified using Raman susceptibility spectra. 




Heavy-metal oxide based glasses such as Bi2O3 have applications in the field of optical, opto-
electronic devices, thermo-mechanical windows, etc.
1
 Eventually, in most of the studies the 
bismuthate glasses are multicomponent and also are used as precursor for high-Tc 
superconductors.
2,3
 The search on binary glasses especially based on Bi2O3 as unique network 
former is very limited, because Bi2O3 does not form glass alone. Studies confirm that for binary 
glasses the network is built up of [BiO3] pyramidal units but multicomponent based bismuth 
glasses are built up of both [BiO3] and [BiO6] units.
4,5
 Among Bi2O3 based binary glasses lithium 
bismuthate is most interesting in terms of structure as well as Li ion conductivity. X-ray 
diffraction and scanning electron microscopy (SEM) have shown that the glasses can be made 
as xLi2O-(1-x)Bi2O3 in the range of x = 20  ? 35 mol%.5 A study on optical property has confirmed 
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enhanced Li ion conductivity in lithium bismuthate glasses proves its applicability as electrolyte 
in solid state battery.
6
 The high thermal stability and mechanical stability and good knowledge 
of physical property of amorphous nature are necessary for successful application of these 
glasses in a battery.  
It is well known that differential scanning calorimetry (DSC) or differential thermal analyses 
(DTA) can probe the thermal properties of glasses. These techniques provide quantitative 
information regarding the nucleation and crystal growth both isothermally and non-
isothermally. For isothermal crystallization heat is applied to the glass above the glass transition 
temperature and the heat absorbed during this process is measured as a function of time.
7
 
Whereas in non-isothermal crystallization glass is heated at a fixed rate and the change in 
enthalpy is recorded as a function of temperature.
8,9
 Various theoretical models
10-13
 have been 
suggested to obtain the kinetic parameters and the activation energies of crystallization from 
the isothermal and non-isothermal thermograms. These theoretical models also explain their 
applicability at different stages of crystallization of glasses.
14-15
 To the best of our knowledge 
the effect of both isothermal and non-isothermal heat treatment on the microstructure of this 
lithium bismuthate glasses coupled with theoretical models is not investigated before.  
Among many quantitative procedures to study the degree of amorphous nature of glasses 
FT-Raman, infrared, solid state NMR, neutron and synchrotron studies are widely accepted. 
Both high frequency Raman and neutron studies have confirmed the presence of broad Raman 
active bands and bismuth-oxygen local structures.
16,17 
Recent studies especially on amorphous 
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(LFRS) is very much sensitive on degree of amorphous nature.
18
 This analysis has been also 
applied in the intriguing glacial state for glass forming liquids.
19
 LFRS detects the long range 
order of crystalline nature confined in the nano-domains and gives sharp peaks in contrary to 
the high frequency Raman active bands. It seems interesting to analyze the structure using 
LFRS. 
The first objective is to study the kinetics of crystallization both non-isothermally and 
isothermally in xLi2O-(1-x)Bi2O3 glasses of compositions x = 0.25, 0.30 and 0.35 using DSC 
technique. The activation energy of glass transition and crystallization are obtained by Ozawa 
and Kissinger equations. The applicability of different models of crystallization is also studied 
both in non-isothermal and isothermal crystallization cases. SEM is also used to investigate the 
nucleation and crystallization nature both non-isothermal and isothermal crystallization to 
validate the theoretical results. Secondly, the LFRS technique is used to determine the degree 
of amorphous nature by analyzing the in-situ Raman active modes. The technique is also 
applied to find the correlation between the thermal property and Raman spectroscopy. 
2. EXPERIMENTAL PROCEDURE 
Glass samples of compositions xLi2O-(1-x)Bi2O3  ? ? ? ? ? A? ǆ A?  ? ? ? ? ? ǁĞƌĞprepared by melt 
quenching method. Appropriate amounts of Li2CO3 (99.99%, Sigma Aldrich) and Bi2O3 (Reagent 
Plus 99.9%, Sigma Aldrich) in their mole fractions were mixed and pre-heated in alumina 
crucible at 723 K for 2 h. The mixture was then melted inside an alumina crucible at 1223 K and 
equilibrated for 30 min. The melt was then quenched rapidly between two copper plates to 
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checked in an energy dispersive X-ray fluorescence spectrometer (Panalytical Epsilon 3
X
). The X-
ray fluorescence spectrum for all the glasses confirmed the presence of Bi without any 
contamination of Al (not shown).  
The DSC measurements of the powdered glass samples were performed using a differential 
scanning calorimeter (Netzsch DSC 200 PC) in a constant N2 gas flow (20 ml min
-1
). For non-
isothermal DSC measurement the glass flakes weighing 20 mg were crushed in powder and 
poured into an alumina pan and the heat flow difference was measured with respect to an 
empty reference pan of alumina. This non-isothermal data were collected with a wide range of 
temperatures at different heating rates (10, 15, 20, 25 and 30 K min
-1
). In Figure 1 we have 
represented A as the area under curve between the onset of crystallization temperature (TX) at 
Ton and completion of crystallization (Tend) and AT as a partial area as shown by hatched region 
under the curve between the ton and at a particular temperature T. The crystallization volume 
ĨƌĂĐƚŝŽŶĂƚdŝƐĚĞĨŝŶĞĚďǇɲT = AT/A. The onset crystallization temperature TX is defined as the 
intersection of the tangent and below the initial change in the baseline slope of each 
thermogram as shown in Figure 1.  
The isothermal DSC measurements for all the compositions were performed by heating the 
powder glass samples of 20 mg weight in an alumina pan from 580 K to 590 K with a heating 
rate of 80 K min
-1
 and holding for 20 min. A similar experimental process is also followed by Ref. 
10. This temperature range is chosen because it is in the vicinity of the onset of crystallization 
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The crystalline nature was checked using a scanning electron microscope (Hitachi S-3400N) 
after both non-isothermal and isothermal measurements. For microstructure evaluation after 
non-isothermal crystallization the powder glass samples were heated at different heating rates 
(10 - 30 K min
-1
) at various onset crystallization temperatures (TX) in alumina pan in the 
calorimeter and then extracted from the alumina pan for SEM analysis after cooling down from 
TX. For isothermal heat treated glasses the powder glass samples were studied for isothermal 
DSC measurements (as stated before) and then extracted from alumina pan.  
Raman spectra were recorded in a Raman spectrometer (Jobin Yvon HR 640) attached to 
Olympus (BX40) microscope in range 100  ? 1000 cm-1 from RT to 773 K with heating rate 10 K 
min
-1
. A HeNe laser with wavelength 632.8 nm and 0.5 mW energy were used to avoid local 
heating. The accumulation time was typically 10 s and the spectral resolution was better than 1 
cm
-1
. As the Raman scattering is sensitive to micro-crystals we also checked at least 40 glass 
flakes under Raman microscope to confirm the uniformity of amorphous nature in glasses. The 
ŐůĂƐƐƐĂŵƉůĞƐďĞǇŽŶĚ ? ? ? ? ?A?ǆA? ? ? ? ? ?ĞǆŚŝďŝƚĐƌǇƐƚĂůůŝŶŝƚǇŝŶZ ŵĂŶƐƉĞĐƚƌĂ ?ƐĞĞ&ŝŐure S1). This 
restricts our studies to x = 0.25, 0.30 and 0.35 compositions. 
3.  THEORETICAL CONSIDERATIONS 
A. Non-isothermal crystallization 
Non-isothermal crystallization is studied to estimate the activation energies for both glass 
transition and crystallization peaks. The activation energy is obtained by inspecting the shift in 
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methods. The activation energy for glass 
transition (EOg) as obtained from the Ozawa method
12 




ln ȕ   FRQVWDQW
RT
         
(1) 
, ǁŚĞƌĞɴŝƐƚŚĞŚĞĂƚŝŶŐƌĂƚĞĂŶĚZŝƐƚŚĞƵŶŝǀĞƌƐĂůŐĂƐĐŽŶƐƚĂŶƚ ?Generally the value of EOg is 
ĐĂůĐƵůĂƚĞĚĨƌŽŵƚŚĞƐůŽƉĞŽĨůŝŶĞĂƌůĞĂƐƚƐƋƵĂƌĞĨŝƚďĞƚǁĞĞŶůŶ ?ɴ ?ĂŶĚ ? ? ? ? ?dg. The estimation of 
activation energy for glass transition (EKg) is also obtained from Kissinger method
8
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      (2).  
The activation energy for crystallization in non-isothermal process is also obtained using the 





Eln ȕ   FRQVWDQW
RT
         (3)  






§ ·¨ ¸© ¹
         (4). 
Here EOc and EKc are the activation energies of crystallization determined using Ozawa and 
Kissinger methods respectively. Some authors
13,20
 have applied the Johnson-Mehl-Avrami (JMA) 
equation for the non-isothermal crystallization to estimate the nature of crystallization. 
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below). Matusita et al. 
21,22
 have shown a technique to analyze the non-isothermal 
crystallization on the basis of nucleation and crystal growth as   
cEln[-ln(1-Į@ QOQȕP FRQVWDQW
RT
§ ·¨ ¸© ¹        (5) 
, where m is related to crystal nucleation. The numerical factor (1.052) comes during 
integral approximation [9].  Eqn. (5) is called modified JMA equation. A typical plot can be 
obtained between ln[-ln(1-ɲ ? ?ĂŐĂŝŶƐƚůŶ ?ɴ ?ĂƚĚŝĨĨĞƌĞŶƚĐƌystallization temperatures. The slope 
of the plot gives the value of the Avrami exponent n signifying the nature of crystal nucleation 
and growth.
22-26
 For equal values of m an n it indicates the surface crystallization in two 
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          (6), 
ǁŚĞƌĞɌŝƐƚŚĞŵĞĂƐƵƌĞĚŚĞĂƚĨůŽǁ ?A?,ŝƐƚŚĞĐƌǇƐƚĂůůŝǌĂƚŝŽŶĞŶƚŚĂůƉǇ ?ȳŝƐƚŚĞƉƌĞ-exponential 
ĨĂĐƚŽƌ ?  ŝƐ ƚŚĞ ĂĐƚŝǀĂƚŝŽŶĞŶĞƌŐǇŽĨ ƚŚĞ ƉƌŽĐĞƐƐĂŶĚ Ĩ ?ɲ ? ŝƐ ƚŚĞ ĞǆƉƌĞƐƐŝŽŶŽĨĂ ŬŝŶĞƚŝĐŵŽĚĞů
ǁŝƚŚɲŝƐƚŚĞĐŽŶǀĞƌƐŝŽŶŽƌvolume fraction factor. Using JMA model we can also write24 
  11-nf Į  P Į>OQĮ@ cc
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, where mƍ ĂŶĚŶ഻describe the nucleation and crystal growth mechanism. Previously this law 
has been used only for isothermal conditions, but Henderson
26,27
 has extended the applicability 
of this model to the non-isothermal cases. According to Henderson for non-isothermal 
crystallization the nucleation starts first and finishes after the crystal growth. Nevertheless 
Malek has defined the characteristiĐĨƵŶĐƚŝŽŶƐƐĂǇ ?Ǉ ?ɲ ?ĂŶĚǌ ?ɲ ?28,29 as 
  ERTdĮy Į   H
dT           (8) 
  2dĮz Į  ȕ 7
dT
          (9). 
Both functions depend on the crystallization observed in the glassy system and with these two 
functions the applicability of JMA model can be checked.
28,29
 Here E is the apparent activation 
energy and can be obtained from the Kissinger plot of the crystallization peak (Tc) more 
accurately. 
We have extended our studies using the Sestak-Berggren (SB) model
30
 to check its 





        (10), 
where Ěɲ ?Ěƚ ŝƐ ƚŚĞ ƌĂƚĞ ŽĨ ƌĞĂĐƚŝŽŶ ? Ŭ ŝs the rate constant and m഼, n഼, p഼ are the shape 
parameters to determine the shape of the non-isothermal DSC thermogram. The values of n഼ 
and p഼ signify the occurrence of some complex transformation processes regarding nucleation 
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B. Isothermal crystallization 




Į H[S țWª º¬ ¼            (11) 
, where ț is the rate constant and depends on both nucleation rate and crystal growth, and 
A is the Avrami exponent signifying the morphology of nucleation and crystal growth. ț is 
related to the effective activation energy (EJMA). The temperature dependence of țLVgiven by  
JMA
0
Eț ț H[S 
RT
§ ·¨ ¸© ¹
          (12), 
where ț0 is the pre-exponential factor and is related to the number of nuclei per unit volume. 
As the number of nuclei is constant during the isothermal process ț0 can be taken as constant.  
C. Raman spectroscopy 
The intensity of low frequency Raman spectrum for disordered materials can be converted to 
reduced intensity 
18
 by  
R
r
I (ȞI (Ȟ [ȞQȞ@
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Ŷ ?ʆ ?is the Bose occupation number. IR ?ʆ ? ŝƐ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚĂů ZĂŵĂŶ ŝŶƚĞŶƐŝƚǇand Ȟ is the 
Raman shift in cm
-1
. The quasi-elastic component of the Raman intensity (Iq(Ȟ)) is also 
determined by curve fitting as described in Ref. 18. Generlly, Iq(Ȟ) is obtained by peak fitting of 
Lorentzian shape of I
R ?ʆ ? which is centered at zero. In this occasion the Raman succeptibility can 
also be calculated as  
߯ᇳሺߥሻ ൌ ൣܫ௥ሺߥሻ െ ܫ௤ሺߥሻ൧ߥ         (14). 
The Raman succeptibility is also correlated with the vibrational density of states (VDOS) G(Ȟ) as  
C(ȞȤ Ȟ *ȞȞcc          (15). 
C(Ȟ) is known as light-vibration coupling coefficient. Most important of these mathematical 
expressions is the determination of VDOS from Raman spectra. 
 
4. EXPERIMENTAL RESULTS  
A.  Non-isothermal crystallization 
The non-isothermal DSC thermograms at different heating rates for all the compositions are 
shown in Figure 2. The curves show an endothermic baseline shift (exotherm: A?) signifying the 
glass transition (Tg) followed by the exothermic onset (TX) and exothermic peak (Tc) which 
represents the maximum crystallization. dŚĞƌĞŝƐŶŽƚŚĞƌŵĂů “ŽǀĞƌƐŚoŽƚ ?observed between Tg 
and Tc which differentiates oxide glasses from bulk metallic glasses. It is observed that with 
increasing heating rate the glass transition and the peak for crystallization both shift towards 
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glass transition. Additionally the shift in Tc depends on the induction time associated with the 
nucleation process.
36 
As the heating rate increases this induction time increases from zero to 
further time leading to shift in crystallization temperature. Since the crystallization increases 
with increasing heating rates, the volume fraction of crystalline nature increases at a greater 
rate in shorter time and as a result peak height increases.  
B. Isothermal crystallization 
For studying the isothermal crystallization a typical thermogram at 587 K is shown in Figure 
3 for x = 0.25 ?dŚĞĞǆƉĞƌŝŵĞŶƚĂůǀŽůƵŵĞĨƌĂĐƚŝŽŶɲŝƐƉůŽƚƚĞĚĂƐĂfunction of time t in the inset 
of Figure 3. The initial stage of the curve corresponds to the start of the nucleation. The 
ŝŶĐƌĞĂƐĞ ŽĨ ɲ ŝŶ ƚŚĞ ŝŶƚĞƌŵĞĚŝĂƚĞ ƚŝŵĞ ƐŝŐŶŝĨŝĞƐ ƚŚĞ ŝŶĐƌĞĂƐĞ ŽĨ ƚŚĞ ŶƵĐůĞĂƚŝŽŶ ĂŶĚ ĐƌǇƐƚĂů
growth. The final stage shows the saturation of the nucleation and growth of crystal as 




C. Raman study 
Figure 4 shows the in-situ Raman spectra for all the compositions. Below onset of Tc the 
glasses mainly consist of broad peaks. The broad peaks below onset of Tc indicate the 
disordered nature of the glass structure.
16
 These broad peaks are deconvoluted to obtain the 
exact band position as described later. The spectra look similar for all compositions below the 
onset of Tc. Inspecting the composition dependence of the Raman spectra one observes the 
intense and sharp peak ca. 125 cm
-1
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Interestingly at 300 cm
-1
 a sharp peak is observed after crystallization which is due to Bi-O 
vibration. Whereas the shoulder peak ca. 500 cm
-1
 has similarity for all the compositions below 
onset of Tc but shifts towards lower frequency side after crystallization. A different intensity 
profile is obtained for x = 0.35 in Figure 4(c) above onset of Tc.  
5. DISCUSSION 
A.  Non-Isothermal crystallization  
In this section we describe the parameters obtained from fitting for non-isothermal 
crystallization. One of the most important parameters for the stabilization of the glass is the 
activation energy for glass transition. This energy is needed to relax atoms from the amorphous 
state. The value of EOg ŝƐĐĂůĐƵůĂƚĞĚĨƌŽŵƚŚĞƐůŽƉĞŽĨůŝŶĞĂƌůĞĂƐƚƐƋƵĂƌĞĨŝƚďĞƚǁĞĞŶůŶ ?ɴ ?ĂŶĚ
1000/Tg as shown in Figure 5. The Kissinger plot is shown in the inset of Figure 5. The calculated 
EOg and EKg are obtained as 429 kJ mol
-1 
and 420 kJ mol
-1
 respectively for the composition x = 
0.25. The values of EOg and EKg for all compositions are presented in the supporting information 
(Table S1). It is found that both the values are close to each other indicating the applicability of 
both methods. Please note that Tg depends on the heating rate varying from 540  ? 546 K, or 
1.1% and similarly Tc depends on the heating rate varying from 601  ? 611 K, or 1.7%. Since the 
variation of T is very small as compared to that of heating rate, then after expanding the 
logarithm part of eqns. (2 and 4) they correspond to eqns. (1 and 3). This may be possible 
reason for similar activation energies. 
The activation energy of crystallization is also obtained using the heating rate 










This article is protected by copyright. All rights reserved. 
^ŝŵŝůĂƌůǇƚŚĞƉůŽƚŽĨůŶ ?ɴ ?dc2) vs 1000/Tc is also shown in the inset of Figure 6. The estimation of 
EOc and EKc are 93 kJ mol
-1
 and 98 kJ mol
-1
 respectively for the composition x = 0.25 and the 
values for all compositions are also listed in Table S1. Similar values of the activation energy 
indicate the validity of both Ozawa and Kissinger approaches. It is further obtained that the 
activation energy for crystallization is lower than that of glass transition except for x = 0.35 
composition which has complex exothermic peak (see Figure 2(c)). For sodium bismuthate 
glasses
14 
and bulk metallic glass
39
 two closely spaced crystallization peaks are obtained which 
indicate faster kinetics of two different phases. It is thus quite conceivable that for present 
system the crystallization has single phase. On the other hand, above Tg the glass system has a 
tendency to shift either to a stable equilibrium state (crystalline state) or a metastable state 
(supercooled liquid).
40
 Eventually for most of the oxide glasses including our system the shift 
occurs towards the crystalline state. For metallic glasses the shift towards metastability 
employing structural relaxation coupled with physical aging.
40
 It is also found that the glass 
transition corresponds to primary electrical relaxation for bulk metallic and oxide glasses due to 
presence of traditional glass former.
41
 The electrical relaxation for the present system shows 
strong temperature dependence.
6
 As a result the glass transition may be connected with 
electrical relaxation although Bi2O3 is not a glass former by itself. In general, the activation 
energy for glass transition is related to the molecular motion around glass transition so that 
higher value for energy of glass transition is needed than that of the energy for crystallization. 
This is in agreement with that of previous study.
6 
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transition also indicates slower grain growth than the nucleation process.
42
 Addintionally, for 
bismuthate glasses with lower Li2O content the Li occupies intersticial sites of BiO6 octahedral 
units to compensate the excessive negative charge and thus the ionic conductvity is shown to 
be low.
6
 However, in the current composition range the Li ions acts as charge compensator and 
as a result the relatively strong bonds Bi-O are replaced by weak ionic Li-O bonds in the 
network. This manifests as the decrease of the activation energy with increasing Li content.
6,43
 
This analysis proves the incorporation of Li ions in glass matrix. 
 dŚĞ ǀŽůƵŵĞ ĨƌĂĐƚŝŽŶ  ?ɲ ? ŽĨ ĐƌǇƐƚĂůůŝǌĂƚŝŽŶ ĚƵƌŝŶŐ ƚŚĞ ŶŽŶ-isothermal crystallization at 
different heating rates is shown in Figure 7(a). The curves in Figure 7(a) look like sigmoidal type. 
The initial shape represents the beginning of nucleation, the intermediate rise indicates the 
increased nucleation rate and the final stage shows the saturation of nucleation and growth of 
crystal as shown in Figure 7(a). Figure 7(b) shows the plot of ln[-ln(1-ɲ ? ? ĂŐĂŝŶƐƚ ůŶ ?ɴ ? Ăƚ
different crystallization temperatures using eqn. (5). The slope of the plot gives the value of the 
Avrami exponent n signifying the nature of crystal nucleation and growth.
23,24
 The value of n 
obtained for all the glass samples is listed in the supporting information (Table S2). It has been 
found that with increasing crystallization temperature the dimensionality of nucleation and 
crystal growth decreases for all the compositions. At low temperatures three dimensional or 
spherical growth of particles is observed whereas it reduces to two dimensional or disc like as 
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Figure 8(a) shows the spherical crystal growth in SEM image at 600 K whereas at 614 K 
Figure 8(b) represents the attached-disc like crystal growth for the composition x = 0.25. A 
similar result is also obtained for other compositions. The surface morphology in Figure 8(a) 
suggests the lithium incorporation in the glass matrix and spherical growth (3 dimensional) at a 
constant rate. As temperature increases the growth process is predominantly over the surface 
and two dimensionally it resembles an attachment of discs. The surface morphology of glasses 
is also studied using SEM for GeS2-Ga2S3 glass ceramics .
44
 Different types of crystallinity are 
obtained due to phase segregation in the glass matrix.
44
 Consequently, for our system one type 
of crystal signifies a single phase. 
The analysis on non-isothermal crystallization is extended further by calculating two 
nonlinear parameters ƐĂǇ ?Ǉ ?ɲ ?ĂŶĚǌ ?ɲ ?. dŚĞǇ ?ɲ ?ĂŶĚǌ ?ɲ ?ĨƵŶĐƚŝŽŶƐĨŽƌƚŚĞŐůĂƐƐĐŽŵƉŽƐŝƚŝŽŶƐ
are presented in Fig. 9. The data are normalized on both axes for clarity. Both functions are 
sensitive to the heating rates as observed in Figure 9. In Figure 9 ?Ă ? ĂŶĚ  ?Đ ? ? Ǉ ?ɲ ? ŝŶŝƚŝĂůůǇ
increases rapidly but decreases monotonically for x = 0.25 and 0.30 respectively, whereas the 
shape changes for the composition x = 0.35 due to the different shape of the crystallization 
peak (See Figure 3(c) and Figure 9(e)). This information indicates more complex phenomenon of 
crystallization kinetics for x = 0.35. As observed in Figures 8 ?ď ? ? ?Ě ?ĂŶĚ ?Ĩ ?ƚŚĞŵĂǆŝŵƵŵŽĨǌ ?ɲ ?
function for all the heating rates are around 0.50 which is far away from the expected value 
[ɲmax,z = 0.632 (theoretically)] and this indicates the insufficiency of the JMA equation.30 This 
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previously stated that JMA equation describes the isothermal crystallization but the approach is 
unclear when the nucleation gets completeness prior to the growth of the crystalline nature. 
But present system may have the situation where the nucleation process and the growth of tiny 
crystallites occur together after the adsorbed water is removed from the glass upon heating. 
This deviation further indicates increasing complexity in crystallization process and there may 
chances of mutual overlapping of nucleation and crystal growth.
46 
It is interesting to say that 
Figure 7(b) describes the outcome of modified JMA equation and it is unclear whether the 
nucleation and crystal growth occurs simultaneously or not. However, SEM studies confirm that 
for x = 0.25 at 600 K which is actually in an increased zone of nucleation (say for 10 K min
-1
 in 
Figure 7(a)) it has crystal growth. Thus it is concluded that there is mutual overlapping in 
nucleation and crystal growth.  
Figure 10 ƐŚŽǁƐ ĚĞƉĞŶĚĞŶĐĞ ŽĨ Ěɲ ?Ěƚ ŽŶ ƚŚĞ ǀŽůƵŵĞ ĨƌĂĐƚŝŽŶ ɲ Ăƚ ĚŝĨĨĞƌĞŶƚ ŚĞĂƚŝŶŐ
rates. The solid line represents the fit using eqn. (10). The fitting also confirms the validation of 
the SB model. The fitting parameters are also listed in the supporting information (Table S3) are 
inferring the faster kinetic processes. The values of n഼ and p഼ signify the occurrence of some 
complex transformation processes regarding nucleation and growth of crystals. The consistency 
of values over the temperature range for both n഼ and p഼ indicates the same type of 
transformation processes and also justifies homogeneous nucleation and controlled growth of 
crystals simultaneously.
30
 This analysis also confirms the homogeneous crystal growth as 
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B.  Isothermal  
In this section we describe the applicability of JMA equation. The fitting of eqn. (11) using 
JMA equation is shown in the inset of Figure 3. The value of A = 2.00 ± 0.02 indicates the 
crystallization process via diffusion controlled growth with constant nucleation rate.
24
 A similar 
type of two dimensional growth is also obtained for Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 type high 
entropy bulk metallic glass and Zr60Al15Ni25 bulk amorphous alloy.
42,47
 Interestingly for 
Ca65Mg15Zn20 bulk metallic glass the Avrami exponent decreases from 3 to 2 with raising the 
annealing temperature.
39
 The impingement effect and heterogeneous distribution of nuclei 
plays an important role apart from the diffusion controlled crystal growth for the decreasing 
nature of the dimensionality.
39
 In an auxiliary experiment for Li2O-2SiO2 glass it is shown that 
with change in TX the Avrami exponent does not change.
48
 We have extended this idea by 
examining the crystallinity after isothermal crystallization for different compositions and at 
different TX ?Ɛ. In order to check the transformation from the amorphous to crystalline state the 
sample is also studied by scanning electron microscope. Figure 11shows the change in the 
morphology under isothermal crystallization; (a) for the x = 0.25 at 587 K (b) for x = 0.30 at 608 
K and (c) for x = 0.35 at 587 K. The particle size is observed to be composition dependent. This is 
because of different shape of the crystallization peak (see Fig. 2). It is evident that the 
crystalline morphology is random and covers the specimen surface completely. In addition, the 
small crystallites represent the laminar or two-dimensional morphology. This characteristic 
phenomenon of two dimensional crystalline nature is observed by the isothermal study using 
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peak describes the three stages of crystal growth. However, the present theoretical support 
does not allow them to be separated out. On the other hand both the theoretical and 
experimental analysis for non-isothermal crystallization describe the whole process as stated in 
this paper.  
C. Raman spectra  
To get exact positions of Raman active bands we have deconvoluted each spectrum with 
Gaussian peaks for all temperatures. After deconvolution main  Raman active bands below the 
onset of Tc are obtained at ca. 125, 169, 380, 492 and 592 cm
-1
 . The deconvoluted spectrum at 
room temperature for x = 0.25 is shown in Figure 12(a). Main Raman active bands due to Bi-O 
are obtained in the spectrum. The low frequency band ca. 125 cm
-1
 and the shoulder band ca. 
169 cm
-1
 are due to vibration of Bi-O.
16,49
 The band ca. 125 cm
-1
 becomes sharper with 
increasing Li content without any noticeable shift. The broad bands at 380 and 493 cm
-1
 are due 
to Bi-O-Bi stretching vibration of BiO6 octadedra.
16
 The band at 592 cm
-1
 can be ascribed due to 
vibrations of the Bi-O-Bi in the distorted BiO6 octahedra.
49
  
The composition dependence of the full width at half maximum for all the Raman active 
modes are presented in Figure 12(b) at room temperature. It is observed that the FWHM for 
the band ca. 125 cm
-1
 is small and the FWHM remains constant for all compositions. The 
composition dependence of FWHM for bands ca. 380, 592 and 169 cm
-1
 have small changes. 
Since with increasing Li content there is no extra peak arising, we can confirm that the Li ion 
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different temperatures below onset of Tc is not shown as they are similar to that of Figure 
12(b).  
In this connection the reduced intensity profiles for all the compositions are shown in Figure 
13. All the spectra look similar with that of Figure 4 below onset of Tc. The broad band at 493 
cm
-1
 has reduced sharpness in this plot which is the characteristic nature of reduced intensity 
plot. The similar intensity profile below onset of Tc confirms temperature independent nature 
ŽĨƚŚĞɴtype relaxation process.18 On the other hand the reduced intensity profiles above onset 
of Tc are similar to each other in Figure 13. The difference in intensity profile below and above 
onset of Tc ƐƵŐŐĞƐƚƐƚŚĞƐƚƌƵĐƚƵƌĂůĂŶŽŵĂůǇǁŝƚŚĐŚĂŶŐĞŝŶɴƚǇƉĞrelaxation process.18 It is to 
be noted that the non-isothermal heat treatment corresponds to the primary electrical 
relaxation. As stated earlier the sharp peak at ca. 300 cm
-1
 above the onset of Tc for all 
compositions also corresponds to Bi-O vibrational mode of Bi2O3.
50
 This peak also signifies the 
crystallinity in bismuth oxide compound. Thus the transition from glassy state to crystalline 
state makes the strong bond between Bi and O and then the vibrations due to BiO6 polyhedra 
become obvious.    
Using the mathematical expressions the Raman susceptibility for all the compositions is 
presented in Figure 14. We have presented data up to 150 cm
-1
 as our interest is only on the 
structural arrangements in the short range. The vibrational spectra are found to be 
superimposed for x = 0.25 and 0.30 above onset of Tc in Figures 14(a) and (b). The non-
superimposed spectra below onset of Tc for Figures 14(a) and (b) and that for x = 0.35 in Figure 
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of Bi-O units. The change in shape of the spectra is also due to difference in quasi-elastic 
component and as a result the local ordering is different from liquid like phase (below onset of 
Tc) to solid phase (above onset of Tc). Also for x = 0.35 the local ordering in liquid phase is also 
temperature dependent. This is the reason for why the glass cannot be formed with further 
doping of Li. The Raman susceptibility is considered as representative of VDOS and here the 
VDOS is temperature dependent as well as composition dependent. The variation in shape of 
the spectra with temperature above onset of Tc indicates different phonon vibrational modes of 
different crystalline forms.
18
 The absence of sharp peaks and broadness of humps below onset 
of Tc in Figure 14 indicate the highest degree of disordered nature of glass. Higher number of 
phonon modes or broad bands above onset of Tc indicates long range ordering in crystalline 
state as observed in Figure 14. Since only phonon mode of Bi-O is detected at low 
wavenumbers it can be concluded that Bi plays important role in formation of glass structure. 
With increasing temperature the broadness of humps changes irregularly. The only conclusion 
that can be drawn that this low frequency range is most sensitive in detecting crystalline phase 
and transformation from liquid state to solid state happens only when the local structure 
around Bi changes. Nevertheless, the increasing concentration of Li only helps to distort BiO6 
polyhedra. So VDOS can be used to analyze the structure when the Intensity profiles of 
experimental Raman spectra look similar. Our approach can be extended further for other 
glasses.  
Regarding the present analysis we can say that the appropriate model to analyze the 
kinetics data is not simple. Despite the simplicity of exotherms at crystallization peaks, obtained 
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demonstrated here the well-known JMA model may not be suitable for describing the non-
isothermal kinetics although it fits nicely with isothermal kinetics. The reverse can also be true 
and may be studied for some other glasses in the future. The non-applicability of a model may 
be due to microstructure (bulk, coarse powder (< 100 µm), or fine powder (< 1 µm)), heating 
rate for non-isothermal process, and isotherm obtained at the onset of Tx. In this point of view, 
we recommend to fit the experimental data on the basis of the model which has largest 
parameters. It is also helpful to monitor the model based prediction by other auxiliary 
experiments (say, SEM, Raman etc). 
6. CONCLUSIONS 
Crystallization kinetics have been studied for the glass system xLi2O-(1-x)Bi2O3 using the DSC 
technique. The values of activation energies for both glass transition and crystallization have 
been determined using Ozawa and Kissinger methods for non-isothermal crystallization 
respectively. The Sestak-Berggren model is found to be appropriate to describe the non-
isothermal crystallization. The values of the shape parameters obtained from Sestak-Berggren 
model fitting describe the complex transformations during the simultaneous nucleation to 
growth of crystallization processes. Spherical to disc like crystal growth is obtained from SEM 
analysis for non-isothermal crystallization. The Johnson-Mehl-Avrami equation is found to 
agree with the isothermal crystallization process. Raman spectroscopy is also used to find the 
degree of disorder and formation of crystalline phases after crossing the crystallization 
temperature. Both the primary and secondary relaxations are confirmed through the thermal 
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Figure captions: 
FIGURE 1. ƐĐŚĞŵĂƚŝĐĚŝĂŐƌĂŵŽĨĂ^ĐƵƌǀĞŝƐƐŚŽǁŶĨŽƌĞǀĂůƵĂƚŝŶŐɲT. 
FIGURE 2. (Color online) The non-isothermal DSC curves for the sample of xLi2O-(1-x)Bi2O3 at 
several heating rates. Exotherms are in upward direction.  
FIGURE 3. (Color online) The isothermal DSC curve under the crystallization region for the 
composition x = 0.25 at 587 K. The dotted line represents the base line. In the inset the time 
ĚĞƉĞŶĚĞŶĐĞŽĨɲŝƐƐŚŽǁŶ ?dŚĞƐŽůŝĚůŝŶĞŝƐƚŚĞĨŝƚƵƐŝŶŐƋ ?(11). 
FIGURE 4. (Color online) Raman spectra for (a) x = 0.25; (b) x = 0.30 and (c) x = 0.35 at different 
temperatures. 
FIGURE 5. (Color online) The Ozawa plot for glass transition for the composition x = 0.25. The 
Kissinger plot for glass transition is shown in the inset. The solid line represent the linear least 
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FIGURE 6. (Color online) The Ozawa plot for crystallization process for the composition x = 0.25. 
The Kissinger plot for crystallization is shown in the inset. The solid line represents the linear 
least square fit to determine the activation energies of crystallization. 
FIGURE 7.  ?ŽůŽƌŽŶůŝŶĞ ? ?Ă ?dŚĞǀĂƌŝĂƚŝŽŶŽĨĐƌǇƐƚĂůůŝǌĂƚŝŽŶǀŽůƵŵĞĨƌĂĐƚŝŽŶɲǁŝƚŚƚĞŵƉĞƌĂƚƵƌĞ
at different heating rates for the composition x = 0.25. (b) Matusita plot at different 
temperatures of crystallization  for the composition x = 0.25. The solid lines are the linear least 
square fits. 
FIGURE 8. The SEM images at (a) 600 K and (b) at 614 K indicate the spherical and disc like 
crystal growth respectively for the composition x = 0.25.  
FIGURE 9.  ?ŽůŽƌŽŶůŝŶĞ ?EŽƌŵĂůŝǌĞĚǇ ?ɲ ?ŝŶ ?Ă ?ĂŶĚǌ ?ɲ ?ŝŶ ?ď ?ĨŽƌǆ A?  ? ? ?ƌĞƐƉĞĐƚŝǀĞůǇ ?Ǉ ?ɲ ?ŝŶ
 ?Đ ?ĂŶĚǌ ?ɲ ?ŝŶ ?Ě ?ĨŽƌǆA? ? ? ? ?ƌĞƐƉĞĐƚŝǀĞůǇ ?Ǉ ?ɲ ?ŝŶ ?Ğ ?ĂŶĚǌ ?ɲ ?ŝŶ ?Ĩ ?ĨŽƌǆA? ? ? ? ?ƌĞƐƉĞĐƚŝǀĞůǇĂƚ
different heating rates.  
FIGURE 10. (Color online) Normalised Ěɲ ?Ěƚ ƉůŽƚ ĨŽƌ ƚŚĞ ĐŽŵƉŽƐŝƚŝŽŶ ǆ A?  ? ? ? ? Ăƚ ĚŝĨĨĞƌĞŶƚ
heating rates. The solid line represents the fitting of Sestak-Berggren method.  
FIGURE 11. (Color online) (a), (b) and (c) show the surface crystallization for the composition x = 
0.25, x = 0.30 and x = 0.35 respectively. The isothermal heat treatment was at 587 K, 608 K and 
587 K for x = 0.25, 0.30 and 0.35 respectively.  
FIGURE 12. (Color online) (a) Deconvoluted Raman spectrum for x = 0.25 at room temperature. 
The overall fitting profile is shown by dotted line. (b) The composition dependence of FWHM 
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FIGURE 13. (Color online) Reduced intensity plot at different temperatures for (a) x  = 0.25; (b) x 
= 0.30 and (c) x = 0.35.  
FIGURE 14. (Color online) Raman susceptibility plot at different temperatures for (a) x  = 0.25; 
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